We use electronic Raman scattering to study the low-energy excitations in BaFe2(As0.5P0.5)2 (Tc ≈ 16 K) samples. In addition to a superconducting pair breaking peak (2∆ = 6.7 meV) in the A1g channel with a linear tail towards zero energy, suggesting a nodal gap structure, we detect spectral features associated to Pomeranchuk oscillations in the A1g, B1g and B2g channels. We argue that the small Fermi energy of the system is an essential condition for these Pomeranchuk oscillations to be underdamped. The Pomeranchuk oscillations have the same frequencies in the B1g and B2g channels, which we explain by the mixing of these symmetries resulting from the removal of the σv and σv symmetry planes due to a large As/P disorder. Interestingly, we show that the temperature at which the peaks corresponding to the Pomeranchuk oscillations get underdamped is consistent with the non-Fermi liquid to Femi liquid crossover determined by transport, suggesting that the Pomeranchuk instability plays an important role in the low-energy physics of the Fe-based superconductors.
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PACS numbers: 74.70.Xa,74,74. 25.nd With their multiband nature, the Fe-based superconductors provide an interesting playground for studying many-body effects and collective excitations. Of particular interest is the role played by the degeneracy of the d xz and d yz orbitals. Many Fe-based superconductors exhibit an antiferromagnetic phase transition that is preceded by a small structural distortion at a temperature T s that removes the degeneracy between the d xz and d yz orbitals. For BaFe 2 (As 1−x P x ) 2 , evidence was shown for the existence of quantum critical behavior at x = 0.3 [1] [2] [3] [4] , which coincides with the composition at which T s drops to zero. At that particular doping, the electrical resistivity ρ(T ) at high temperature varies linearly [2, 4] , which is attributed to a non-Fermi liquid (NFL) behavior. This NFL behavior is found over a wide range of temperature and P concentration, and it is separated by a crossover from a Fermi liquid (FL) like regime with ρ(T ) ∼ T 2 [4] . Mainly due to the complexity of the interplay between the spin and orbital degrees of freedom [5] , there is still no consensus on the precise nature of the critical fluctuations preceding the magnetic and structural transitions, which may also be responsible for the observed NFL behavior. Recently, Raman scattering studies evidenced the existence of quadrupolar charge fluctuations with the B 2g symmetry above T s in NaFe 1−x Co x As [6] , Ba(Fe 1−x Co x ) 2 As 2 [7, 8] , AFe 2 As 2 [A = (Sr, Eu)] [9] and FeSe [10] . Such Pomeranchuk like instability [11] , where the Fermi surface (FS) encounters dynamical deforma-tion, is a natural consequence of the degeneracy of the d xz and d yz orbitals at high temperature. The corresponding susceptibility, which can be probed directly by Raman scattering, diverges as approaching the Pomeranchuk instability. However, there is to date no experimental correlation between the Pomeranchuk fluctuations [11, 12] and the NFL behavior observed in BaFe 2 (As 1−x P x ) 2 , and whether the fluctuations may appear in the other symmetry channels, is unclear.
In this Letter, we use electronic Raman scattering to study the low-energy excitations in BaFe 2 (As 0.5 P 0.5 ) 2 (T c ≈ 16 K), for which there is neither long-range magnetic nor long-range nematic ordering. We reveal evidence for Pomeranchuk oscillations in different symmetry channels, with frequencies larger than the superconducting (SC) gap determined from a SC pair breaking peak (2∆ = 6.7 meV) in the A 1g channel. We argue that the small Fermi energy of the system is an essential condition for these Pomeranchuk oscillations to be underdamped. No sharp collective mode is observed below the SC gap, possibly due to the nodal nature of the SC gap structure derived from the finite and linear Raman response towards zero energy in the A 1g channel. Interestingly, the Pomeranchuk oscillations have the same frequency in the B 1g and B 2g channels, which we explain by the mixing of these symmetries resulting from the removal of the σ v and σ v symmetry planes due to a large As/P disorder. More importantly, we show that the temperature at which the peaks corresponding to the Pomeranchuk oscillations get underdamped is consistent with the FL to NFL crossover determined by transport. This suggests that the Pomeranchuk instability plays an essential role in shaping the electronic properties of Fe-based superconductors.
Single crystals of BaFe 2 (As 0.5 P 0.5 ) 2 were grown using the Ba 2 As 3 /Ba 2 P 3 self-flux method described in Ref. [13] , and the chemical compositions were determined by inductive coupled plasma analysis. The crystal structure, illustrated in Figs. 1(a) and 1(b), belongs to space group I4/mmm (point group D 4h ). Resistivity ( Fig.  1(e) ) and magnetic susceptibility ( Fig. 1(f) ) measurements indicate T c ≈ 16 K. The crystals used for Raman scattering were cleaved and positioned in a continuous He flow optical cryostat. The measurements presented here were performed in a quasi-back scattering geometry along the crystallographic c-axis using the Kr + laser line at 647.1 nm (1.92 eV). The excitation laser beam was focused into a 50 × 100 µm 2 spot on the ab-surface, with the incident power smaller than 10 and 6 mW for measurements in the normal state and in the SC state, respectively. The scattered light was collected and analyzed by a triple-stage Raman spectrometer designed for high-stray light rejection and throughput, and then recorded using a liquid nitrogen-cooled charge-coupled detector. Raman spectra were recorded in the range of 10 to 350 cm −1 using a 1800 grooves/mm grating and in the range of 100 to 2000 cm −1 using a 150 grooves/mm grating. Raman scattering intensity data were corrected for the spectral responses of the spectrometer and detector. The temperature has been corrected for laser heating.
In this manuscript, we define X and Y along the 2-Fe unit cell basis vector (at 45
• degrees from the Fe-Fe direction) in the tetragonal phase, whereas X and Y are (e)
along the Fe-Fe directions, as shown in Fig. 1(b) . We also define R and L as circular right and circular left polarizations. The static Raman susceptibility χ (0, T ) was obtained from a Kramers-Kronig transformation with a high-energy cut-off at 350 cm −1 . The B 1g phonon was removed by fitting before the Kramers-Kronig transformation in the B 1g channel.
The Raman selection rules for crystals with the D 4h point group symmetry indicate that the XX, XY, X X , X Y , RR, RL polarization geometries probe the A 1g + B 1g , A 2g + B 2g , A 1g + B 2g , A 2g + B 1g , A 1g + A 2g and B 1g + B 2g channels, respectively. Assuming a same featureless luminescence background I BG for all symmetry channels and that the A 2g response is negligible, the imaginary part of the Raman susceptibility χ in the different symmetry channels can easily be isolated.
In Figs. 2(a)-2(b), we show the Raman susceptibility χ A1g (ω, T ) at different temperatures from 300 K to 9 K. The most prominent feature that appears in the low-energy part of the A 1g channel (Fig. 2(a) ) is a peak emerging at 54 cm −1 (6.7 meV) at 9 K, in the SC state. Tentatively ascribing this feature to a pair breaking peak would lead to 2∆ = 6.7 meV. Such value is about twice lower than the values of SC gaps reported by ARPES for the optimal-T c compound [17] , for which T c is about twice larger. Another possible interpretation for this peak, also related to superconductivity, is an electronhole plasmonic excitation inside the SC gap, as reported earlier in NaFe 1−x Co x As [6] . Unlike the expectation for a completely open gap, the spectral intensity decreases linearly towards the low frequencies, indicating the presence of excitations with energy lower than 2∆. This suggests that the SC gap probed in the A 1g channel is nodal. Although the detail of the SC gap structure measured by ARPES on BaFe 2 (As 1−x P x ) 2 is still controversial [17] [18] [19] , strong SC gap anisotropy [19] and even an horizontal line node [17] have been proposed. A nodal gap structure is also inferred from thermal conductivity measurements [20, 21] .
In Fig. 2(b) , we show the A 1g Raman spectra up to 2000 cm −1 in a semi-log plot. We detect a broad peak centered around 350 cm −1 , with a full-width-athalf-maximum (FWHM) of about 300 cm −1 . Upon cooling, this peak shows some temperature dependence, but the most obvious changes occur in the low-energy part of the spectrum, which is enhanced at low temperature.
The χ B1g (ω, T ) susceptibility displayed in Figs. 2(c)-2(d) shows a sharp peak at 218 cm −1 (300 K) that is ascribed to a B 1g phonon [22] . It corresponds to the vibration of Fe atoms along the c axis. A peak at 260 cm −1 develops upon cooling on the right side of the phonon mode. This peak is asymmetric, with a high-energy tail extending to 800 cm −1 , as shown in Fig. 2(d) . The peak reaches half of its highest intensity at 110 K, and its maximum intensity saturates at low temperature, with no obvious change across T c (see Fig. 2(c) ). The temperature dependence of the FWHM, displayed in Fig. 3(a) , is nearly 200 cm −1 at 9 K, which leads to a quality factor (QF) of 1.3 (underdamped regime). In contrast, QF smaller than 0.5 (overdamped regime) is observed for a FHWM larger than 520 cm −1 , which occurs slightly above 100 K. A recent study of the resistivity across the phase diagram of BaFe 2 (As 1−x P x ) 2 revealed a crossover between a regime with ρ(T ) ∼ T at high temperature and a regime ρ(T ) ∼ T 2 at low temperature [4] . As shown by the first derivative of the resistivity in Fig. 1(e) , this is also what we find in our samples, with a crossover regime spanning from about 80 to 150 K. As indicated by the shadow area in Fig. 3(a) , this temperature regime coincides with the temperature at which the Raman peak at 260 cm −1 switches from overdamped to underdamped (QF = 1/2), suggesting that Raman scattering probes the same crossover as measured in transport.
Interestingly, the χ B2g (ω, T ) susceptibility displayed in Figs. 2(e)-2(f) also shows a peak at 260 cm −1 that is absent at 300 K but gets enhanced upon cooling. The broadness of the peak and the temperature at which it appears are very similar to what is observed for the 260 cm −1 mode detected in the B 1g channel, suggesting that these two peaks have the same origin. Although such degeneracy is not expected within the D 4h point group symmetry, one can argue that the randomness of the As-P distribution near x = 0.5 locally breaks the σ v and σ d symmetry planes, allowing mixing the B 1g and B 2g symmetries. In fact, the absence in our data of the A 1g pnictogen phonon mode observed in other Fe-based superconductors [6, [22] [23] [24] , is a good indication of the disorder effect. We caution that since As and P are isovalent, the removal of the σ v and σ d symmetry planes is a relatively weak perturbation that would not affect modes that do not involve the pnictogen atoms, such as the Fe-related B 1g phonon, which remains sharp and for which no leak is detected in the B 2g channel. In addition to the peak at 260 cm −1 , we observe in the B 2g channel an extra peak at 60 cm −1 that shows enhancement in the SC state.
We show the temperature dependence of χ (0, T ) in Fig. 3(b) . The χ (0, T ) obtained in both channels is enhanced gradually upon cooling from 300 K to around 50 K, i. e. above T c , before being gradually weakened at lower temperature. The increase of χ (0, T ) is possibly due to the low-frequency relaxation accros the NFL to FL crossover indicated by a shadow area in Fig. 3(b) .
We now try to provide a physical picture for the mode at 260 cm −1 . In recent Raman scattering studies the presence of a low-energy excitation with the B 2g symmetry is interpreted in terms of quadrupolar charge fluctuations [orbital singlet excitations (∆L = 2)] or Pomeranchuk instability [6, [8] [9] [10] . Indeed, a dynamic charge quadrupole moment of B 2g symmetry (nodes along the X-Y directions) can form locally on Fe sites due to the fluctuating partial charge transfer between degenerate d xz and d yz orbitals in the tetragonal phase [6, 9] . In Fig.  4(b) , we show a cartoon of B 2g symmetry charge transfer oscillation from d xz to d yz . In momentum space, the charge transfer leads to dynamical FS distortions of the d xz /d yz bands with nodes along Γ-X and Γ-Y, as illustrated in Fig. 4(g) . In NaFe 1−x Co x As, the peak corresponding to the quadrupolar charge fluctuations is found at low energy [6] . Above T c , the excitation is broad and it gets completely overdamped at high temperature. However, below T c the mode becomes extremely sharp due to the absence of low-energy particle-hole excitations following a full SC gap opening [25] [26] [27] .
Because the FS topology of BaFe 2 (As 0.5 P 0.5 ) 2 is similar to that of NaFe 1−x Co x As, one should also expect to observe Pomeranchuk oscillations in BaFe 2 (As 0.5 P 0.5 ) 2 , with the B 2g symmetry. For this reason, it is natural to attribute the origin of the mode at 260 cm −1 to charge quadrupole fluctuations. However, we caution that the physical situation may be different in BaFe 2 (As 0.5 P 0.5 ) 2 . For example, the SC gap in BaFe 2 (As 0.5 P 0.5 ) 2 may be nodal, as discussed above, and thus particle-hole excitations can always damp the Pomeranchuk oscillations, thus preventing the emergence of a very sharp mode at low energy, in the SC phase. With a QF of 1.3, the mode at 260 cm −1 , above the SC gap, is quite sharp. This underdamped mode is possible only if the Pomeranchuk oscillation frequency ω B is large compared to thermal fluctuations and to the Fermi energy of the system. The first condition, T << ω B , is respected since 260 cm −1 corresponds to a thermal energy of 374 K. Based on ARPES data on BaFe 2 (As 0.5 P 0.5 ) 2 [28] , we estimate that while the holelike d xy band tops at about 30 meV at the Γ point, the two d xz /d yz bands top at 10 meV and 15 meV. This means that the Fermi energy of the system is smaller than ω B , which is consistent with underdamped Pomeranchuk oscillations (QF > 1/2).
As discussed previously, it is likely that the 260 cm
excitation in the B 1g channel is related to the Pomeranchuk oscillation found in the B 2g channel at the same energy. We note that BaFe 2 (As 0.5 P 0.5 ) 2 is significantly more 3D than the (Ba,K)Fe 2 As 2 [28] [29] [30] . While it forms the outermost Γ-centered FS pocket in the k z = 0 plane, the nearly non-k z -dispersive d xy pocket in BaFe 2 (As 0.7 P 0.3 ) 2 has a size comparable to one of Their nodes are along the X -Y directions. In momentum space, these fluctuating charge transfer can induce a dynamic FS distortions with nodes along Γ-M and Γ-M', as illustrated in Fig. 4(h) . As mentioned above, the removal of the σ v and σ d symmetry operations due to the As/P disorder couples the B 1g and B 2g symmetries, providing an explanation for the same oscillation frequencies in the B 1g and B 2g channels.
For completeness, we show in Figs. 4(e) and 4(f) that in-phase charge transfer between the d xy orbital and the d xz /d yz orbitals is also possible. The fluctuating in-phase charge transfer induces the dynamic symmetric FS distortions illustrated in Fig. 4 (i). The broad A 1g peak at 350 cm −1 can be interpreted as a collective excitation associated to a A 1g type of dynamic FS deformation.
In summary, we used Raman scattering to investigate the SC gap and collective excitations in SC BaFe 2 (As 0.5 P 0.5 ) 2 (T c ≈ 16 K). We observe a SC pair breaking peak at 54 cm −1 (6.7 meV) that appears below T c in the A 1g channel. The linear decrease of the spectral weight suggests nodes in the SC gap structure. We identify spectral features associated with Pomeranchuk oscillations in the A 1g , B 1g and B 2g symmetry channels. Unexpectedly, these features are well-defined, which we attribute to the fact that these frequencies are larger than the Fermi energy of this system, thus preventing overdamping by electron-hole continuum. The degeneracy of the Pomeranchuk mode in the B 1g and B 2g symmetry channels is explained by the mixing of these two symmetry channels due to the removal of the σ v and σ d operations caused by As/P disorder. This disorder manifests itself by the absence of the pnictogen A 1g phonon normally detected in other Fe-based superconductors. Interestingly, the temperature regime at which the Pomeranchuk oscillations get underdamped coincides with a crossover regime from NFL to FL determined from transport. Our results indicate that the Pomeranchuk instability plays a critical role in the low-energy physics of this Fe-based superconductor. 
